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A B S T R A C T
Transportation and storage of vegetables and fruits, including berries, is increasing to meet growing consumer
demand for fresh foods. Ripening and softening of plant tissues may be slowed down by hexanal, a safe volatile
compound that also has antimicrobial properties. Thus hexanal could be applied during the food distribution
chain to slow down the spoilage of plant-based products and reduce food waste. Nonetheless, due to the rapid
evaporation of hexanal, a constant supply is needed. Our aim was to develop a concept to incorporate food-grade
sunﬂower oil in a polysaccharide aerogel matrix for controlled in situ production and release of hexanal. We
compared enzyme- and light-catalyzed lipid oxidation reactions, determined the release of hexanal at diﬀerent
conditions, and performed storage stability tests of blueberries and cherry tomatoes. The lipid-loaded aerogels
assessed here are a potential novel delivery matrix for controlled hexanal formation to extend the shelf life of
plant-based products.
1. Introduction
To support a sustainable food system, the consumption of plant-
based foods, including fruits and vegetables, should be doubled by year
2050 (Willett et al., 2019). Accordingly, worldwide trade of plant
products is needed to respond to growing consumer demand for avail-
ability of a wide selection of fruits, berries and vegetables all year
round. Currently, EU citizens consume on average 140 kg fruits and
vegetables/year/person (EUFIC, 2012).
Long-distance transportation and extended storage expose these
goods to various hazards, such as over ripening, softening, and micro-
bial spoilage. Roughly one third of all produced food is lost during the
distribution chain, including 45% of fruits and vegetables. Agriculture
is one of the sectors that generate the highest amount of CO2 emissions.
The estimated contribution of agriculture to the emissions is 20–25%,
and global food waste is estimated to contribute about 8% for total
greenhouse gas emissions (FAO, 2019).
Fruit maturation and spoilage are generally slowed down by ad-
justing the storage and transportation conditions to optimize the pro-
duct quality from harvesting throughout the food distribution chain.
This is achieved by controlling the temperature and gas composition of
storage spaces. However, at the time when fruits, berries and vegetables
reach the consumer, they often have a short shelf life. Tissue softening
and browning due to over ripening and physical stress lead to un-
appealing appearance and rapid deterioration. When the cell walls of
plants are wounded, for example by mechanical stress, by pathogen
attack or by senescence, activation of lipid oxidizing enzymes occurs
(Siedow, 1991; Feussner, Kühn, & Wasternack, 2001; Porta & Rocha-
Sosa, 2002). Disruption of cell structure brings these enzymes in contact
with their substrates. Lipoxygenases (LOX) catalyze the direct addition
of molecular oxygen to the pentadiene double bond system in un-
saturated fatty acids. As a result, hydroperoxides are formed (Andreou
& Feussner, 2009; Schaich, Shahidi, Zhong, & Eskin, 2013). When these
hydroperoxides decompose further by hydroperoxide lyases, volatile
aldehydes, such as hexanal, and 3-hexenal are formed (Noordermeer,
Veldink, & Vliegenthart, 2001). Hexanal and 3-hexenal are six carbon
containing aldehydes and are formed during the oxidation of linoleic
acid and linolenic acid, respectively. Nine carbon aldehydes 3-nonenal
and 3,6-nonadienal may also be formed.
In addition to enzyme-catalyzed reactions, lipid oxidation may
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occur via non-enzymatic autoxidation or photoxidation. In autoxida-
tion, the initiation of radical chain reaction occurs generally via ele-
vated temperature (Schaich et al., 2013). Formed lipid radicals react
with oxygen producing hydroperoxides. In photoxidation, photo-
sensitizer absorbs low-level light energy and transforms it into chemical
energy by producing either singlet oxygen or lipid radicals (Schaich
et al., 2013). Hydroperoxides are formed via all these routes, and de-
compose further forming hexanal and other oxidation products.
Aldehydes and ketones having the chain lengths of six and nine
carbons, e.g., hexanal, 3-hexanone, nonanal and 2-nonanone, function
among others as inhibitors of phospholipase D activity, and of myco-
toxins and ethylene syntheses (Siedow, 1991; Bleé, 1998; Tiwari &
Paliyath, 2011; El Kayal, Paliyath, Sullivan, & Subramanian, 2017).
Thus, they have been shown to reduce the necrosis caused by the ma-
turation and growth of pathogens (Andersen et al., 1994; Bleé, 1998;
Sharma, Jacob, Subramanian, & Paliyath, 2010; Sholberg & Randall,
2007; Song, Fan, Forney, Campbell-Palmer, & Fillmore, 2010; Tiwari &
Paliyath, 2011). These compounds increase the shelf-life of fruits
(Lanciotti, Corbo, Gardini, Sinigaglia, & Guerzoni, 1999; Sharma et al.,
2010; Sholberg & Randall, 2007) and berries (Almenar, Auras, Rubino,
& Harte, 2007; Song et al., 2010; Misran, Padmanabhan, Sullivan,
Khanizadeh, & Paliyath, 2015). Volatile aldehydes and ketones can be
applied industrially to reduce the growth of bacteria and fungi in
blueberries and pome fruits, as reported by Song, Leepipattanawit,
Deng, & Beaudry, 1996; Almenar et al., 2007; and Sholberg & Randall,
2007. Release of aldehydes and ketones also has a biological function to
attract insect predators (Siedow, 1991; Feussner et al., 2001; Porta &
Rocha-Sosa, 2002).
Hexanal is considered safe, and its use as a ﬂavor substance is al-
lowed in food products (EU No 872/2012). Fruits and vegetables may
be treated with hexanal either prior to harvesting or immediately after.
Pre-harvesting treatment involves spraying the plants with hexanal
formulations (1–2%) (Cheema, Padmanabhan, Subramanian, Blom, &
Paliyath, 2014; Misran et al., 2015). Post-harvesting treatment often
involves either dipping the harvested fruits or vegetables into hexanal
solutions or storing them under a hexanal-containing atmosphere. Va-
cuum inﬁltration was also studied (Pak Dek, Padmanabhan,
Subramanian, & Paliyath, 2018). For storage, hexanal is generally ap-
plied as a batch treatment in chambers (Song et al., 1996; Almenar
et al., 2007; Sholberg & Randall, 2007; Song et al., 2010; Misran et al.,
2015). That is, fruits or berries are maintained in a chamber enriched
with hexanal vapour for a certain time period prior to transportation
and storage. The treatment may be repeated during the storage. In these
batch treatments, a decrease in the vapour concentration of hexanal has
been shown. This decrease may reduce the eﬀectiveness of the treat-
ment. An alternative approach would be continuous presence of hex-
anal in the storage space or packaging (Cheema et al., 2014).
To achieve controlled release and prolonged diﬀusion of hexanal, it
was incorporated into cyclodextrin inclusion complexes (Almenar et al.,
2007). Incorporation of 450–900 µmol/g of hexanal in cyclodextrin
enabled a ﬁnal release of 2–15 µmol/L air. This concentration reduced
or inhibited the growth of various fungi. However, the concentration
decreased gradually by 30–100% throughout 7 days of storage, leading
to an expected aﬀective lifetime of 1–2 weeks. In a recent work, hexanal
was released from a synthetic stable precursor compound 1,3-di-
benzylethane-2-pentylimidazolidine (Jash, Paliyath, & Lim, 2018). The
precursor was encapsulated in electrospun poly(lactic acid) (PLA) and
the release of hexanal via the hydrolysis of the CeN bond on the imi-
dazolidine ring structure was activated by the addition of citric acid.
The release of hexanal exhibited rapid initial release followed by slow
release, which was followed up to six hours.
Solid porous foams, such as aerogels, are lightweight materials
which have a large surface area (Mehling, Smirnova, Guenther, &
Neubert, 2009; García-González, Alnaief, & Smirnova, 2011; Mikkonen,
Parikka, Ghafar, & Tenkanen, 2013). They may be used as delivery
systems for active compounds for example in food packaging or in
pharmaceuticals. Aerogels are often prepared using silica or carbon, but
polysaccharides are also suitable for aerogel matrices. Polysaccharides,
such as cellulose, hemicelluloses and starch, are sustainable bio-based
raw materials that are suitable for direct food contact and can even be
edible (Mikkonen et al., 2013; Alakalhunmaa et al., 2016). Poly-
saccharide aerogels can be tailored for strong or ﬂexible structures,
enabling their wide applicability. In addition, polysaccharide-rich raw
materials can be recovered from side streams of for example the paper
and pulp industry.
In this study, we introduce a solution for controlled in situ produc-
tion and continuous long-term release of hexanal from edible oil loaded
in an active bio-based packaging material, prepared without using or-
ganic solvents. Our aim was to characterize hexanal production and
release via various lipid oxidation pathways in polysaccharide aerogels
under various storage conditions. We monitored the proﬁle of the re-
leased volatile products during storage and evaluated the capacity of
hexanal-releasing aerogels to extend the shelf life of blueberries and
cherry tomatoes.
2. Materials and methods
2.1. Materials
Sunﬂower oil (SFO) (Bunge Finland Oy, Raisio, Finland) used as a
substrate for hexanal production was purchased from a supermarket.
Galactoglucomannans (GGM) were obtained from Norway spruce by
pressured hot-water extraction and ethanol precipitation (Kilpeläinen
et al., 2014). For aerogels used in storage tests, 2.7% suspension of
anionic cellulose nanoﬁbrils (CNF) (ﬁber width 4–10 nm, zeta poten-
tial − 25 mV) reﬁned from birch kraft pulp was acquired from UPM,
Finland. For aerogels used in shelf life studies, 1% neutral CNF from
pine and spruce cellulose mixture (Domsjö Fabriker AB, Örnsköldsvik,
Sweden) was ﬁbrillated according to Berglund, Noël, Aitomäki, Öman,
and Oksman (2016). Ammonium zirconium (IV) carbonate (AZC) used
for crosslinking was purchased from Sigma-Aldrich (Steinheim, Ger-
many). Tween20 (technical; VWR Prolabo) used as emulsiﬁer in control
samples, was acquired from WVR International. Hexanal (Sigma-Al-
drich, St. Louis, MO, USA) was used for the incorporation of aerogels in
preliminary studies and for preparation of a standard curve for quan-
tiﬁcation. Lipase (LIP) from Candida rugosa (Type VII, ≥700 unit/mg
solid) and lipoxygenase (LOX) from soybean (Glycine max; Type I-B,
lyophilized powder, ≥50,000 units/mg solid), used for the enzyme
catalyzed oxidation of SFO were purchased from Sigma-Aldrich. Me-
thylene blue (Merck, Darmstadt, Germany), riboﬂavin (Merck), β-car-
otene (Merck), and chlorophyll (extracted from spinach or Chlorella by
accelerated solvent extraction using acetone) were used as catalysts for
the light-induced oxidation of SFO.
2.2. Preparation of aerogels
In preliminary experiments, hexanal (1–100 mg/g) incorporated
SFO was directly mixed with hydrogels consisting of 2 wt-% of GGM
and anionic CNF (60:40, w/w). In addition, the amount of SFO that
could be incorporated into hydrogel without aﬀecting the formed
aerogel structure to a large extent was investigated. For active pro-
duction and release of hexanal, hydrogels were prepared using 2 wt-%
of GGM and CNF (70:30, w/w) in water with ammonium zirconium
carbonate (AZC, 2.5–12.5 wt-% of polysaccharides) as cross-linker
(Alakalhunmaa et al., 2016) (Fig. 1). In short, GGM was dissolved in
water, CNF and AZC were added, and the suspensions were mixed with
an Ultra-Turrax homogenizer (Ika-Werke, Staufen, Germany) at
9500 rpm for 15 min. The crosslinking reaction of the suspensions with
AZC was carried out at 80 °C for 5 h. Sunﬂower oil (60 wt-%) was
emulsiﬁed in water by Ultra-Turrax, using GGM (12 wt-%) as a stabi-
lizer (Mikkonen et al., 2016). Tween20 (12 wt-%) was used for com-
parison in some of the experiments. For enzyme-catalyzed oxidation,
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Fig. 1. Preparation of hexanal producing aerogels. SFO = sunﬂower oil, GGM = spruce galactoglucomannan, CNF = cellulose nanoﬁbrils, AZC = ammonium
zirconium carbonate.
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LIP and LOX were added to the aqueous phase of emulsions at contents
10–1200 U/g oil and 15–12 000 U/g oil, respectively, prior to emulsi-
ﬁcation. For light-induced oxidation, either methylene blue or ribo-
ﬂavin were added to the aqueous phase prior to emulsiﬁcation, or β-
carotene or chlorophyll were dissolved in acetone and 1–5 mL of this
solution was dispersed into SFO. Methylene blue and riboﬂavin dosages
were 5–50 μg/g oil, β-carotene was used at 2700 μg/g oil, and chlor-
ophyll was used at 15 μg/g oil. To ensure thorough dissolvent of pho-
tosensitizers and evaporation of acetone, mixing was continued over-
night. Emulsiﬁcation was accomplished at 11,000 rpm for 5 min using
UltraTurrax stirrer (T-18 basic, IKA, Staufen, Germany). Approximately
1.5 wt-% or 3.5 wt-% of the emulsion was added to hydrogel and mixed
properly using UltraTurrax stirrer (9500 rpm for 5 min), resulting in
oil/polysaccharide ratio of 0.41 or 0.87, respectively. After mixing, the
hydrogel was divided into clear or amber glass vials (75.5 × 22.5 mm)
each containing 2 g. The sample vials were left to settle overnight at
room temperature. The hydrogels were frozen at−20 °C and further at
−70 °C, after which the hydrogels were freeze dried into aerogels at
1 mbar for 48 h. The ﬁnal oil content in aerogels was 30 or 45 wt-%.
Previously the density of similar aerogels, but without SFO addition,
was determined to be about 0.02 g/cm3 (Alakalhunmaa et al., 2016).
The speciﬁc surface area of similar materials is typically 2–4 m2/g
(Ghafar et al., 2015). The open sample vials were placed at diﬀerent
relative humidities and temperatures for storage.
2.3. Hexanal release from aerogels
For enzyme-catalyzed production of hexanal, aerogels containing
45% oil, 120 U LIP/g oil, and 1250 U LOX/g oil were placed in de-
siccator cabinets under adjusted relative humidities (RH) of 0% by dry
phosphorous pentoxide, 54% by saturated calcium chloride solution,
and 76% by saturated sodium chloride solution. The cabinets were
placed at controlled temperatures of 10 °C and 22 °C. In addition, sealed
vials containing lyophilized aerogels representing RH of 0–10% were
placed at 4 °C. Samples were kept protected from light in amber vials.
For light-induced oxidation, aerogels containing 45% oil with added
photosensitizer were placed into desiccator cabinets having adjusted
RH of 0% by dry phosphorous pentoxide and RH of 76% by saturated
sodium chloride solution. The cabinets were placed at controlled tem-
peratures of 10 °C and 22 °C. Samples were kept in clear vials and they
were exposed to continuous light (3.6–8.6 W/m2) in a climate chamber
(BINDER KBF P 720, Binder GMbH, Tuttlingen, Germany) for
0–3 weeks.
For each sample type, three replicate vials were withdrawn every
three days throughout a 3-week period for the headspace analysis of
hexanal and other volatile compounds by headspace solid-phase mi-
croextraction combined with gas chromatography–mass spectrometry
(HS-SPME-GC-MS).
2.4. Storage test of blueberries and cherry tomatoes
The eﬀect of hexanal producing and releasing aerogels on the shelf
life of blueberries (non-climacteric) and cherry tomatoes (climacteric)
was investigated. Approximately 70 g of blueberries or cherry tomatoes
were placed on one gram of aerogel, which was moulded on a Petri dish
(92 mm diameter), and covered with a low-density polyethylene plastic
bag (1 L, Lapin muovi). Plastic bags were sealed with heat and for every
bag four small holes were punctured to enable cell respiration. For each
sample type, ten replicate packages were prepared. The aerogel used in
the shelf life experiments was reinforced with neutral CNF and hexanal
production was catalyzed by 15 μg chlorophyll/g oil. In addition,
aerogels without hexanal production (i.e., without addition of emul-
sion) were prepared for comparison. Packages were placed into de-
siccator cabinets under an adjusted relative humidity of 54% by satu-
rated calcium chloride solution. Packages containing hexanal releasing
aerogels and control aerogels were placed in separate cabinets. The
cabinets were stored under continuous lighting (3.6–8.6 W/m2) and at
controlled temperatures of 22 °C in a climate chamber (BINDER KBF P
720, Binder GMbH, Tuttlingen, Germany) for four weeks. Changes oc-
curring in the packed blueberries and cherry tomatoes were visually
inspected. In addition, collapse force and compression slope were de-
termined from cherry tomatoes. Production and release of hexanal from
aerogels were monitored during the storage. For this purpose, part of
the original hydrogel was dried into aerogels in vials which were stored
under the same conditions as the packages. Released hexanal and other
volatile products were determined by HS-SPME-GC-MS.
2.5. Determination of volatile compounds by HS-SPME-GC-MS
The formation of hexanal and other volatile products in aerogels
was monitored by head space solid-phase microextraction combined
with gas chromatography–mass spectrometry (HS-SPME-GC-MS) ac-
cording to a previously described method (Lehtonen et al., 2016). At
each sampling time, three replicate aerogel containing vials were
withdrawn and sealed for the analysis. The sample vials were agitated
at 40 °C and 250 rpm for 10 min prior to extraction with a DVB/CAR/
PDMS ﬁber (10 mm, 50/30 µm ﬁlm thickness; Supelco, Bellefonte, PA,
USA) at 40 °C and 250 rpm for 30 min using an HS-SPME injector
(CombiPAL, CTC Analytics AG, Zwingen, Switzerland). The extracted
compounds were released in a splitless injector at 250 °C for 10 min and
run with GC-MS (HP 6890 series coupled with an Agilent 5973 mass
spectrometer; Agilent Technologies Inc., Santa Clara, CA, USA). Com-
pounds were separated in a SPB-624 capillary column
(30 m × 0.25 mm, 1.4 µm ﬁlm thickness; Supelco) using helium at a
ﬂow rate of 0.7 mL/min and a temperature program from 40 °C to
200 °C. The MS interface temperature was 280 °C, ion source tem-
perature 230 °C, and electron impact (EI) energy 70 eV. The MS was run
in full-scan mode (m/z 40–300). The volatile compounds were identi-
ﬁed based on their mass spectra using Wiley 7n database (Wiley Reg-
istry™ of Mass Spectral Data, 7th ed., Hoboken, NJ, USA) and by
comparing the retention times and mass spectra with those of known
standards. The presence of hexanal was reported as peak area. The
content of hexanal was further roughly estimated based on external
standard curve. Hexanal was spiked into SFO at a range of
0.5–55,000 ng/g and 0.5 g of spiked oil was placed in headspace vials
corresponding to a standard curve (Equation (1)) at a range of
0.25–27500 ng hexanal:
= − × + × + ×y x x( 0.0439 ) (5461.5 ) 7 102 6 (1)
The determination coeﬃcient r2 of the standard curve was 0.999,
limit of detection was about 25 ng, and limit of quantiﬁcation was
250 ng. Averages and standard deviations of the three replicate samples
were reported.
2.6. Determination of collapse force and compression slope by compression
testing
Collapse force and compression slope were determined in order to
estimate the eﬀect of hexanal on senescence and cell wall eruption in
cherry tomatoes. Measurements were performed after 0, 4, 9, 12, and
17 days of storage. At each sampling, two packages were withdrawn
from the cabinets. Of these packages, eight replicate tomatoes were
used for the measurements. Compression testing was performed with
Texture Analyser TA-XT2i (Stable Micro Systems, Godalming, UK). The
diameter of the aluminum compression plate was 100 mm (P/100,
Stable Micro Systems, Godalming, UK). Pre-test speed was set to 1 mm/
sec and both the test speed and the post-test speed were set to 2 mm/
sec. Load cell was 30 kg and applied trigger force 10 g. Compression
was performed until 60% of the initial height. The compression test
consisted of two subsequent cycle compressions which resulted in
stress–strain curves. Collapse force and compression slope were calcu-
lated from these curves. Averages and standard deviations of the eight
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replicate samples were reported.
3. Results
Aerogels consisting of GGM and CNF can be formed by crosslinking
the polysaccharides with AZC and lyophilizing the formed hydrogel
(Alakalhunmaa et al., 2016). For the release of hexanal from aerogels,
lipids had to be incorporated in the polysaccharide hydrogel matrix
prior to drying into aerogels. Additional ingredients could possibly af-
fect the formation of polysaccharide network, but more importantly,
the release of hexanal could be inﬂuenced by the aerogel matrix.
Therefore, aerogels containing SFO and added hexanal were ﬁrst tested.
Aerogels consisting of 30–45 wt-% oil, 28–35 wt-% GGM, and
28–35 wt-% CNF maintained their structure during the drying process.
According to the preliminary experiments, this high oil content did not
aﬀect the volume nor the compression strength of aerogels (data not
shown). Direct incorporation of hexanal spiked SFO into the hydrogel
led to 60–80% decrease in hexanal content during the homogenization,
and further 15% decrease during the freeze-drying steps. These losses
led to the ﬁnal contents being approximately 5% of the original added
hexanal. In addition, hexanal-incorporated aerogels cannot be stored
for a long time before their use, as hexanal will be exhausted. There-
fore, the next step was to investigate whether in situ production and
prolonged release of hexanal could be achieved in aerogels. For this
purpose, vegetable oil and various catalysts were introduced into hy-
drogel prior to their drying into aerogels. Initiation of the reaction was
assisted by either enzymes, heat, or light.
3.1. Enzyme-catalyzed production of hexanal
For enzyme-catalyzed lipid oxidation and hexanal production, the
amount of required substrate and catalysts were investigated.
Production of hydroperoxides and further hexanal was not achieved if
only LOX was incorporated to the emulsion, but LIP was also needed to
release free fatty acids as substrates for LOX. Production of hexanal was
apparent already during hydrogel preparation and the production
continued throughout aerogel preparation. Even though the method is
not quantitative, to get an estimation of the amount of released hexanal,
we made a rough standard curve. Peak areas (speciﬁc to the HS-SPME-
GC-MS method used) as high as 2 × 108, corresponding to hexanal
levels of 7 µmol/g aerogel, were measured immediately after freeze-
drying the hydrogels into aerogels (Fig. 2a). The amount of hexanal
increased up to 17–23 µmol/g aerogel during the ﬁrst three days and
the proportions were maintained at 15–72% of all formed volatile
oxidation products throughout two weeks of storage. The reaction rates,
and thus the proportions of hexanal, were highly dependent on the
substrate and catalyst contents. Hexanal remained the predominant
compound for 3–8 days, after which hexanoic acid, a reaction product
of hexanal, comprised 10–28% of the volatile products. Other detected
volatile compounds included 2-heptenal, heptanal, octanal, pentanoic
acid, and 3-ethyl-2-methyl-1,3-hexadiene (results not shown).
The production of hexanal could be controlled by altering the
amount of SFO as substrate and LOX and LIP as catalysts. With low
amount of substrate and catalyst (30% SFO and 15 U LOX/g oil), the
level of released hexanal was approximately 1.2 µmol/g aerogel after
8 days. At low enzyme activity of 15 U LOX/g oil, hexanal was gen-
erally the main volatile product (19–72% of the total volatile com-
pounds) and only low levels of its reaction products, mainly hexanoic
acid, were detected (0–19% of the total). The main side product was
octanal, which comprised 50% of volatile compounds at day 0, 10% of
volatile compounds after three days, and minor proportions after that
(results not shown).
Increased content of SFO and enzymes increased the production of
hexanal. When the activity of LOX was increased to 150 U LOX/g oil,
the level of released hexanal increased. However, the level of other
oxidation products increased even more, so the proportion of hexanal of
all volatile compounds decreased 4-fold. At this LOX activity, further
reaction products of hexanal were already detected after three days.
When the activity of LOX was further increased to 1250 U LOX/g oil,
(caption on next page)
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the production of hexanal was in a desirable range of 17–23 µmol/g of
aerogel for at least two weeks. The proportion of hexanoic acid also
increased up to 29% of all volatile compounds, but the proportion of
other individual volatile lipid oxidation products remained low, that is,
0–4% of the total products (results not shown).
The production and release of hexanal was feasible at the studied
temperature range 4–22 °C (Fig. 2b). The formation of hexanal was
increased by increased temperature: After three days of storage, the
content of hexanal was 26–32% greater when aerogels were stored at
22 °C compared to those stored at 10 °C or at 4 °C. However, side re-
actions were favored at elevated temperatures. Further reactions of
hexanal occurred rapidly in aerogels stored at 22 °C, which was de-
tected as a signiﬁcant decrease in its content. In addition, after one
week of storage at 22 °C, the proportion of hexanoic acid became
greater (29% of all volatile compounds) than that of hexanal (18% of all
volatile compounds).
Production and release of hexanal was unaﬀected by the relative
humidity during storage (Fig. 2c). The levels of released hexanal were
similar at RH 0–10%, 54% and 76% throughout two weeks of storage.
Moreover, the proportion of hexanal compared to other volatile oxi-
dation products remained similar at each of the studied RHs. Further
reactions of hexanal occurred in a similar manner at each of the studied
RHs.
3.2. Light-induced production of hexanal
To store hexanal producing aerogels before their intended use in
packaging, it is desirable to control the initiation of hexanal release
after the aerogel preparation. For this purpose, either autoxidation or
photo-oxidation of lipids could be utilized. Autoxidation, being a free
radical chain reaction, produces a wide variety of reaction products and
is highly dependent on the surrounding compounds varying from one
matrix to another. This render speciﬁc and controlled production im-
possible. In our preliminary studies, the production of hexanal (and
other volatile products) could be launched by short-term heat treat-
ment, but the amount and proportion remained below 12 µmol/g
aerogel and 14%, respectively. Therefore, only photo-oxidation was
studied in more detail. The hexanal formation in the presence of GGM
was also compared to that of Tween20 as emulsiﬁer. The oxidation
mechanisms were altered by trialing various photosensitizers and their
contents.
The light-induced lipid oxidation progressed slowly with low
amounts of catalysts (5–50 µg/g oil) (Fig. 3). The slower the progress,
the higher the proportion of hexanal: 30–71% of formed volatile pro-
ducts throughout two weeks of storage.
Lipid oxidation via singlet oxygen pathway using methylene blue as
photosensitizer produced approximately 7–10 µmol/g aerogel of hex-
anal (Fig. 3a and 3b), that is, half of the amount achieved by enzyme-
catalyzed reaction. Light treatment was applied for 7 days to reach this
level, and it was maintained throughout the 2–3-week storage test.
Equal contents were obtained in systems emulsiﬁed with GGM and
Tween20. The oxidation proceeded faster at 22 °C than at 10 °C, that is,
the higher level of hexanal was measured earlier (Fig. 3a and 3b). The
maximum levels of approximately 9 µmol/g aerogel were reached after
7 days of storage at 22 °C and after 11 days at 10 °C. RH also aﬀected
the proceeding of the oxidation. With GGM as emulsiﬁer, the oxidation
proceeded faster at RH 76% than at RH 0%, as indicated by higher
hexanal release in the beginning of the test and lower amount of re-
leased hexanal towards the end of the experiment. The reaction of
hexanal into hexanoic acid and production of other volatile products
also increased (results not shown). However, RH did not signiﬁcantly
aﬀect the reached maximum levels of released hexanal with GGM as the
emulsiﬁer. Interestingly, the opposite behaviour was observed in
aerogels incorporated with Tween20-stabilized emulsion: Initial oxi-
dation rates were greater at RH 0% than at RH 76%.
When lipid oxidation was initiated by radical forming photo-
sensitizer, riboﬂavin, hexanal levels of 7–10 µmol/g were released after
11–18 days of storage under continuous light (Fig. 3c and 3d). At RH
0%, hexanal remained as the main volatile product for 7 days (34–58%)
after which the proportion of hexanoic acid became greater (35–43%)
(results not shown). At RH 76%, on the other hand, hexanal remained
the main volatile product (36–49%) throughout the 18-day experiment.
Thus, oxidation in GGM-emulsiﬁed systems proceeded signiﬁcantly
faster at RH 0% than at RH 76%. This was especially evident when
there was a high proportion of hexanoic acid. Formation of hexanal and
hexanoic acid was similar in samples containing 10 µg/g oil and 50 µg/
g oil of riboﬂavin. In addition, emulsiﬁer did not inﬂuence the hexanal
production, and similar contents were measured in systems emulsiﬁed
with GGM and Tween20.
Lipid-soluble sensitizers were also investigated to produce hexanal.
They were dissolved in the oil phase before emulsiﬁcation. Excess β-
carotene, that is, 2700 μg/g oil, was able to initiate lipid oxidation and
thus hexanal formation (Fig. 3e). The oxidation initiated relatively
slowly compared to other studied systems, but the ﬁnal hexanal levels
were higher. Levels of approximately 3 µmol/g were reached in one
week and further contents of 10–14 µmol/g were reached in two weeks.
After reaching this level, it was maintained at least for additional week.
While the content of hexanal was still increasing, it was the main
constituent (61–68%) of the formed volatile products. After two weeks,
the proportion of hexanal was 20–30% at RH 0% and 40–45% at RH
76%. Correspondingly, the proportion of hexanoic acid increased, being
30–36% at RH 0% and 10–16% at RH 76% (not shown). The obtained
results were similar both in GGM- and Tween20-emulsiﬁed lipid sys-
tems.
Chlorophyll is a lipid-soluble photosensitizer which may act both
via singlet oxygen and via radical reactions. This could potentially
ensure hexanal production over a wide temperature range and accel-
erate the formation of hexanal compared to the purely singlet oxygen
pathway. At the initial stage, hexanal production with chlorophyll was
similar as in aerogels containing methylene blue. As the storage time
was prolonged, contents of 11–15 µmol/g hexanal were reached
(Fig. 3f). Both in GGM- and in Tween20-emulsiﬁed systems, the lipid
oxidation proceeded faster at RH 0% than at RH 76% (Fig. 3f). Thus,
lower levels of hexanal were detected at RH 0% (11 µmol/g) than at RH
76% (15 µmol/g) and the levels started to decrease earlier due to the
reaction of hexanal into hexanoic acid. At RH 0%, the proportion of
hexanal was 24–28% of all volatile compounds during the ﬁrst week of
storage. After three weeks, the proportion reduced to 13%. After
10 days of storage, the content of hexanal levelled and, at the same
time, the proportion of hexanoic acid (35%) became larger than that of
hexanal. In comparison, at RH 76%, the proportion of hexanal was
24–30% for the whole 3-week storage period. The proportion of hex-
anoic acid remained below 20% throughout 3 weeks.
Control samples that were not exposed to light treatment, but were
covered with aluminum foil and otherwise maintained at similar con-
ditions, did not release any hexanal (data not shown).
3.3. Storage stability of cherry tomatoes and blueberries
To investigate whether the developed hexanal releasing aerogel
would prevent deterioration of climacteric (i.e., ethylene producing)
Fig. 2. a) Eﬀect of substrate (30 or 45 wt-%) and catalyst contents (10, 100 or
120 U LIP g/oil and 15, 150 or 1250 U LOX/g oil) at 22 °C and 0–10% RH; b)
storage temperature (T) (4, 10 or 22 °C) at 0–10% RH, 45 wt-% substrate, 120 U
LIP/g oil, and 1250 U LOX/g oil; and c) relative humidity (0–10, 54, or 76%
RH) at 22 °C, 45 wt-% substrate, 120 U LIP/g oil, and 1250 U LOX/g oil on
enzyme-catalyzed production and release of hexanal in CNF supported GGM
aerogels. LIP = lipase, LOX = lipoxygenase. Data points represent averages
and standard deviations of three replicate samples. Hexanal content is ex-
pressed as peak area, speciﬁc for the HS-SPME-GC-MS method used, due to the
semi-quantitative nature of the method.
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and non-climacteric berries and vegetables, storage stabilities of cherry
tomatoes and blueberries, respectively, were studied. Compression
testing was applied on cherry tomatoes, and physical changes occurring
in the blueberries and cherry tomatoes were visually inspected.
A clear trend was observed in the softening of cherry tomatoes: the
collapse force and compression slope decreased at a slower rate in
hexanal-treated cherry tomatoes than in the control tomatoes stored
without hexanal release (Fig. 4).
Levels of hexanal as low as 12–17 μmol/L in air were able to prevent
softening of the studied cherry tomatoes. Mould growth was visually
inspected for blueberries, which were purchased from a local market
and placed on hexanal releasing aerogel. The blueberries stored with
hexanal-releasing aerogel remained visually unaltered for ﬁve days at
room temperature (Fig. 5a). Meanwhile, mould growth was evident in
blueberries which were stored on the control aerogel (Fig. 5b).
4. Discussion
Hexanal is a natural preservative and fungicide that can be utilized
to prolong the storage time of various fruits and berries (Almenar et al.,
2007; Lanciotti et al., 1999; Sharma et al., 2010; Sholberg & Randall,
2007; Song et al., 2010; Misran et al., 2015). Hexanal research has
Fig. 3. Eﬀect of photosensitizer, emulsiﬁer, and storage conditions on the light induced production and release of hexanal in CNF supported GGM aerogels. a) 5 μg/g
oil methylene blue at 10 °C, b) 5 μg/g oil methylene blue at 22 °C, c) 10 μg/g oil riboﬂavin at 22 °C, d) 50 μg/g oil riboﬂavin at 22 °C, e) 2700 μg/g oil β-carotene at
22 °C, and f) 15 μg/g oil chlorophyll at 22 °C. Data points represent averages and standard deviations of three replicate samples. In the ﬁgure labels, GGM and
Tween20 refer to the emulsiﬁers used. Hexanal content is expressed as peak area, speciﬁc for the HS-SPME-GC-MS method used, due to the semi-quantitative nature
of the method.
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mostly focused on the possibilities to utilize it in spraying solutions for
preharvest treatment of fruits, or in batch-wise chamber treatments of
fruits and berries after harvesting. The eﬀects of such treatments are
rather short-term. Continuous storage under a hexanal atmosphere has
not been feasible, as hexanal is rapidly exhausted. To maintain its
concentration, additional hexanal should be incorporated to replace the
consumed portion. This could be possible under industrial conditions,
but after the goods are packed and delivered to retailers, shelf life is
limited. In this paper we introduced a potential active packaging ma-
terial in which continuous in situ production and release of hexanal is
possible. This type of packaging material is feasible to be used in con-
sumer packaging to prolong the shelf-life of various fresh plant-based
goods.
In this study, SFO was used as a substrate and as a delivery medium
for hexanal. The release of these lipid-soluble volatile products is slower
from lipid medium than from water, due to lower vapour pressure
(Haahr, Bredie, Stahnke, Jensen & Refsgaard, 2010). This enables long-
term steady release rather than intensive short-term release. To prevent
uncontrolled autoxidation of unsaturated lipids, SFO was emulsiﬁed
and stabilized by GGM. We have previously shown that GGM is able to
inhibit lipid oxidation in emulsions up to months, even in accelerated
conditions (Lehtonen et al., 2016; Lehtonen et al., 2018). However, the
present results showed that GGM did not inhibit the controlled oxida-
tion of SFO catalyzed by LOX and LIP or photosensitizers.
Lipid-loaded aerogels containing up to 45 wt-% of substrate for
hexanal production could be successfully prepared by lyophilization. In
addition, catalysts for the lipid oxidation could be incorporated during
production. Aerogels are lightweight porous materials which have a
large surface area (Mehling et al., 2009; García-González et al., 2011;
Mikkonen et al., 2013). High porosity makes aerogels beneﬁcial ma-
terials for the release and delivery of compounds into the surroundings.
In addition, its low density is a desirable feature for packaging mate-
rials. Aerogels are prepared from hydrogels by replacing liquid with air,
for example by lyophilization or by supercritical carbon dioxide. In
lyophilization, polysaccharide hydrogel retains its dimensions, and thus
leads to high volume aerogels. In supercritical carbon dioxide drying,
on the other hand, part of the structure of polysaccharide hydrogel is
lost in the solvent exchange step and further in the drying step. In
addition, lipid-soluble compounds, such as hexanal, are easily extracted
by the used solvent and carbon dioxide.
The production and release of hexanal could be controlled by sub-
strate and catalyst contents. Low oil content would be desirable, as high
oil content might compromise the physical properties of packaging
materials. However, by the reduction of SFO, hexanal production may
be exhausted leading to less-eﬃcient shelf-life enhancement. High
catalyst content would increase the rate of formation, but at the same
time it would also increase the formation of side products, such as
further oxidation products of hexanal. Thus, by maintaining as high a
substrate content as feasible, and as low a catalyst content as possible,
enables steady and long-term production and release of hexanal in
aerogels.
Levels of 7–23 µmol hexanal per gram of aerogel could be produced
and maintained up to three weeks at room temperature under relative
humidities of 0–76%. The production was most eﬃcient in the enzyme-
catalyzed system while being lowest during heat-catalyzed auto-oxi-
dation and singlet oxygen photoxidation. Compared to literature
(Almenar et al., 2007), the achieved hexanal levels were high enough in
all systems to extend the shelf life of fruits, vegetables, and berries.
Mold growth was reduced signiﬁcantly in blueberries (70 g) stored
under 12–17 μmol/L of hexanal. Continuous exposure to hexanal at a
concentration as low as 0.54 nmol/L has been shown to lead to a 50%
reduction in the fungal growth (Andersen et al., 1994). In our systems,
continuous production of this content would be reached with much less
than 1 mg of aerogel. Conversely, other authors have proposed that for
fungicidial eﬀects up to 9–20 µmol/L hexanal is needed (Almenar et al.,
2007). These concentrations were shown to reduce fungal growth up to
Fig. 4. Changes in a) collapse force and b) compression slope of cherry toma-
toes during c) hexanal release. For collapse force and compression slope, the
data points represent averages and standard deviations of eight replicate sam-
ples. For hexanal, the data points represent averages and standard deviations of
three replicate samples. Hexanal content is expressed as peak area, speciﬁc for
the HS-SPME-GC-MS method used, due to the semi-quantitative nature of the
method.
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57%. To produce such levels, 0.07–0.7 g of enzyme containing aerogel
would be needed for a 1–2 L package. For light-induced production,
0.2–2 g would be suﬃcient.
According to present results, contents of 12–17 μmol or above for
70 g of product are likely needed to slow down tissue softening due to
ripening and senescence. According to earlier studies, 150 µmol of
hexanal applied as batch-wise treatment per 100 g sliced apples, ex-
tended the shelf life both at 4 °C and 15 °C (Lanciotti et al., 1999).
Multiple treatments of blueberries with hexanal at concentrations as
high as 37 mmol/kg blueberries for 24 h inhibited decay up to 70%
(Song et al., 2010). Eﬀective hexanal levels on ripening and senescence
during continuous exposure are yet to be studied.
In an enzyme-catalyzed system, the production of hexanal begins
already during the manufacture of the material. Initiation of hexanal
production could be controlled by utilizing light-induced lipid oxida-
tion—photoxidation. The levels of produced hexanal and side reaction
could be controlled in an enzyme-catalyzed production, while in pho-
toxidation this was not straight forward. Plant lipoxygenase catalyzes
merely the formation of hydroperoxides in free fatty acids (Siedow,
1991; Andreou & Feussner, 2009; Schaich et al., 2013). As SFO consists
ideally solely of triacylglycerols (TAG), formation of hydroperoxides
and further production of hexanal is not achieved without prior hy-
drolysis of TAGs. Lipases are enzymes that catalyze hydrolysis of TAGs
into free fatty acids. Using LIP and LOX together, formation of hydro-
peroxides and further production of hexanal was achieved. Breakdown
of hydroperoxides into hexanal occurred spontaneously and therefore
hydroperoxide lyase, which catalyzes the breakdown of hydroperoxides
in plants, was not needed. Plant type-I lipoxygenases (13S-lipox-
ygenases, EC 1.13.11.12) have high regioselectivity, producing almost
solely 13-OOH of linoleic acid [(9Z,11E, 13S)-13-hydroperoxyoctadeca-
9,11-dienoic acid] (Siedow, 1991; Schaich et al., 2013). This ability
leads to high proportion of hexanal and low production of other volatile
oxidation products such as 3-nonenal, which is a 9-OOH product of
linoleic acid.
Photosensitizers absorb low-level light energy and transform it into
chemical energy. Photo-oxidation occurs mainly in two ways: via
singlet oxygen or via radical-intermediated reactions. Singlet oxygen,
which reacts directly with double bonds, may be selectively produced,
for example by methylene blue (λmax = 600–700 nm) (Schaich et al.,
2013). Hexanal production via the singlet oxygen route using methy-
lene blue was slow. The production of hydroperoxides in the singlet
oxygen route is not temperature dependent, which is an advantage, but
the breakdown of hydroperoxides into hexanal is. If the content of ra-
dicals in the lipid environment is low and the temperature is not ele-
vated, the formation of hexanal remains slow. In addition, equal con-
tents of four diﬀerent hydroperoxide products of linoleic acid, that is, 9-
OOH, 10-OOH, 12-OOH, and 13-OOH, are expected in photoxidation.
Since hexanal is a breakdown product of only 13-OOH, competitive
formation of other hydroperoxides is likely to lead to lower production
of hexanal and to greater production of side products, than for example
in plant type I lipoxygenase-catalyzed lipid oxidation.
When oxidation of lipids was initiated by radical forming sensitizer,
riboﬂavin, the formation rate of hexanal was greater than by singlet
oxygen forming methylene blue. However, further reactions of hexanal
were also greater, leading to low hexanal contents and elevated hex-
anoic acid contents. In radical intermediated oxidation of linoleic acid,
two hydroperoxides, 9-OOH and 13-OOH, are formed. Formation of
only two hydroperoxide isomers would be expected to lead to greater
content of hexanal. However, in free radical chain reaction, formed
lipid radicals are rapidly reacting with other lipid molecules and oxi-
dized lipids producing a variety of new radicals and breakdown pro-
ducts (Schaich et al., 2013).
When chlorophyll was applied to initiate hexanal production,
greater contents of hexanal could be obtained and the reaction of
hexanal into hexanoic acid could be controlled. Chlorophyll
(λmax = 400–500 nm and 650–700 nm) has the ability to act via both of
the above-described routes, enabling production of hydroperoxides
even at low temperatures and concomitantly the production of radicals
to induce the breakdown of hydroperoxides into hexanal.
β-carotene is usually considered as an antioxidant. Interestingly, β-
carotene at excess concentrations was able to initiate lipid oxidation in
aerogels. This may be because β-carotene itself is able to form reactive
radical species (Schaich et al., 2013).
Formation of other volatile aldehydes and ketones during lipid
oxidation is expected to assist the extension of shelf life, and these are
therefore not directly detrimental. Aldehydes and ketones, having the
chain lengths of six and nine carbons, e.g., 3-hexanone, nonanal, and 2-
nonanone, have been shown to reduce the growth of fungi (Andersen
et al., 1994). In addition, these products are considered safe and many
of them are allowed as ﬂavoring agents in food products (EU No 872/
2012). The possible downside in their formation is that they compete
with hexanal formation and they may catalyze further breakdown of
hexanal. In addition, these side products may cause unwanted odors
when present at signiﬁcant levels.
Both enzyme activity and lipid oxidation are inﬂuenced by RH. In
this study, an excess amount of water was available for enzyme-cata-
lyzed lipid oxidation at the hydrogel stage. This enabled the production
of hydroperoxides already prior to drying the hydrogels into aerogels.
Storage humidity had no further inﬂuence on the production and re-
lease. When lipid oxidation was initiated in aerogels by photoxidation,
RH inﬂuenced the production. The eﬀect of RH varied between the
studied systems: Both the emulsiﬁer and oxidation mechanism inﬂu-
enced the rate of hexanal formation. In the singlet oxygen route, re-
action rates in the GGM-emulsiﬁed system were greater at RH 76% than
Fig. 5. Blueberries during 5 days of storage at RH 56% and 22 °C placed on a) hexanal releasing aerogel and b) non-releasing control aerogel.
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at RH 0%, while in the Tween20-emulsiﬁed system, the opposite oc-
curred. Interestingly, in radical-mediated oxidation, reaction rates in
the GGM-emulsiﬁed system were greater at RH 0% than at 76%, while
the opposite occurred in the Tween20-emulsiﬁed system. High oxida-
tion rates are expected in very dry systems as oxygen is free to ﬂow in a
dry matrix and has direct contact with lipids (Schaich et al., 2013).
When RH increases, the rate of oxidation is expected to decrease as
water is bound as a monolayer providing protection to lipids. When RH
is further increased, the rate of oxidation increases again due to the fact
that catalysts are dissolved, and their mobility is increased leading to
increased interaction with lipid molecules.
5. Conclusions
Lipid-loaded aerogels were developed as a delivery system for
substrates and catalysts for in situ production and release of hexanal.
Controlled hexanal release was catalysed by the use of enzymes or
photoinitiators. Such aerogels are envisioned as food packaging mate-
rials or parts of primary packaging, and they can be formed from bio-
based polysaccharide, such as CNF- and GGM-containing matrix. GGM
enabled the delivery of lipids in the matrix without adverse eﬀects on
the proceeding of oxidation. Hexanal was produced and released at
levels of 7–23 µmol/g of aerogel for at least three weeks. In a future bio-
based active packaging concept, less than one gram of aerogel in one
liter package could preserve fresh plant products against softening and
mould growth. This novel active packaging could improve the economy
and sustainability of the food chain and prevent food waste.
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